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Solid Oxide Regenerative Fuel Cell For Airplane Power 
Generation and Storage 

BACKGROUND OF THE INVENTION 

poou The invention generally relates to the fuel cells, and specifically to use 
of a solid oxide fuel cell system as an energy converter in an airborne vehicle, 
such as in an airplane. 

[0002J A solid oxide fuel cell (SOFC) is an electrochemical device that 
converts chemical energy directly into electrical energy. A Solid Oxide 
Regenerative Fuel Cell (SORFC) is an electrochemical device that converts 
chemical energy directly into electrical energy and subsequently reconverts 
electrical energy back to the original chemical energy. This device differs 
significantly % frr>m rechargeable batteries in that the chemicals are stored 
outside of the SORFC converter. The SORFC system has many building 
electrical energy storage applications that cannot be satisfied by batteries. 
For example, a SORFC system for building power generation is discussed in 
the Proceedings of the 2001 DOE Hydrogen Program Review NREL;CP-570- 
30535. 

BRIEF SUMMARY OF THE INVENTION 

10003] In one preferred aspect of the present Invention, there is provided a 
solid oxide fuel cell adapted to power an airborne vehicle. 

poofl In another preferred aspect of the present Invention, there is provided 
an electrically powered airplane, comprising an airplane body, a solid oxide 
fuel cell adapted to power the airplane, and a fuel storage vessel adapted to 
provide fuel to the solid oxide fuel cell. 

poosi In another preferred aspect of the present invention, there is provided 
an electrically powered airplane, comprising an airplane body, a fuel cell 
adapted to power the airplane and to heat remotely located payload or 
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equipment in the airplane body, and a fuel storage vessel adapted to provide ■ 
fuel to the solid oxide fuel cell. 

toooq. In another preferred aspect of the present invention, there Is provided a 
solid oxide fuel cell system, comprising a first means for providing oxygen ton 
conduction to generate a potential difference between a fuel electrode and an 
oxygen electrode, and a second means for providing electric power to an 
airborne vehicle form the potential difference. 

oh**, In another preferred aspect of the present invention, there is provided a 
method of generating power in an airborne vehicle, comprising providing a 
fuel and an oxidizer to a solid oxide fuel cell, and providing electrical power 
from the fuel cell to a motor propeller system of the airborne vehicle. 

roooe, In another preferred aspect of the present invention, there is provided - 
an SORFC power generation system, comprising at least one SORFC cell a 
fuel storage vessel, an oxidizer inlet, an oxidized fuel storage vessel and a 
first means for (a) separating partially regenerated fuel provided from at least 
one SORFC cell Into regenerated fuel and oxidized fuel, for directing the 
regenerated fuel into the fuel storage vessel and for directing oxidized fuel 
back ,nto the at least one SORFC cell, and (b) separating partially oxidized 
fuel provided from the at least one SORFC cell into fuel and oxidized fuel for 
d.recbng the fuel back into the at least one SORFC. and for directing oxidized 
fuel into the oxidized fuel storage vessel. 

BRIEF DESCRIPTION OF THE DRAWINGS 

rooo* Figure 1 is a schematic illustration of SORFC system in solar powered 
high altitude airplane. 

rooio, Figure 2 is a schematic illustration of SOFC system in electrically 
powered high altitude airplane. 

toon, Figure 3 is a schematic illustration of SORFC system providing 
electncal power and heat in solar powered high altitude airplane. 
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mm Figure 4 is a schematic illustration of SOFC system pn^vidfng electrical 
power and heat ih electrically powered high altitude airplane. 

mm Figure S is a schematic iUustratfon of basic elements of SORFC in 
discharge mode. 

Figure 6 is a schematic iiiustration of basic elements of SORFC in 
charge mode. n 

**tm Figure 7 is a three dimensional view of planar SORFC stack. 
P>oi« Figure 8 is a schematic illustration of manifolded SORFC stack. 

m X R9Ure 9 fS 3 SChSmatiC mUStrafcn 01 SORFC system «" discharge 



mode. 



Figure 10 is a schematic Illustration of SORFC system in cha.ge 

,s a ■ m ^ ot sorfc ~ ~* - 

r^eH " 13 " SChematiC llh,Slra,i0n * SORFC m 
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
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oxidant side without requiring any makeup of any reactants or process 
chemicals. In contrast, other regenerative fuel cells that operate with an open 
oxygen oxidant loop must have an independent source of pure water, as 
process water is lost with the air* oxygen oxidant discharge. Thus, the 
SORFC system operating in an airborne vehicle in the earth's atmosphere 

*can obtain oxygen oxidant reactant from the air and avoid the complexity, 

« weight, volume, and cost associated with oxygen oxidant storage* 

[002*1 The First Preferred Embodiment 

10023] An airborne vehicle is a vehicle capable of flying. A preferred type of 
airborne vehicle that uses the SORFC is a high altitude solar powered 
unmanned airplane. This airplane is used as a stationary platform for 
commercial communications, military surveillance or as a weapon platform. 
The high altitude solar powered unmanned airplane uses solar generated 
electricity to drive electric motor propeller and electrolyze water in the SORFC 
during the daylight and uses th,e stored fuel to generate electric power in the 
SORFC during the nighttime to drive an electric motor propeller system. 
Using the SORFC eliminates the need to store oxygen, as none of the 
process water is lost This greatly increases the capability of the airplane due 
to the significant weight reduction. However, the SORFC may be used in any 
other type of airborne vehicle, such as manned airplanes, fuel powered 
airplanes or even helicopters. 

[0024] A hydrogen/oxygen (i.e., hydrogen fuel, oxygen or air oxidizer) SORFC 
is preferred for use in the airborne vehicle. However, other SORFC types, 
such as hydrocarbon/oxygen types may be used instead. The use of a 
hydrogen/oxygen SORFC within the high altitude solar powered unmanned 
airplane provides the airplane with the capability to operate at high altitude for 
many months only returning to the ground for maintenance. The ability to use 
atmospheric oxygen (i.e., air) instead of stored oxygen saves sufficient mass 
to allow the airplane to fly at higher altitude and/or to carry an. increased 
payload. The airplane, with a wing span in the range of 100 to 500 feet, such 
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as about 200 feet and a mass of about 1000 to 3000 pounds, such as 1500 
pounds, will generally fly above the weather at an altitude of between 45,000 
to 90,00a feet At these altitudes the airplane can be on station 24 hours a 
day without weather concerns. The airplane can loiter over a point on the 
ground or it can be relocated to a new location In the range of about 10-50 
tnph, such as 30 miles per hour. The total DC electrical power required for 
maintaining altitude is In the range of 7 to 9 kW. 

[oo2s] In one aspect of the first embodiment, the airplane is powered by one 
SORFC system. However, in a preferred aspect of the first embodiment, the 
airplane is powered by multiple smaller SORFC systems distributed along the 
length of the wing(s). This results in an advantage in mass distribution and 
redundancy. The generally accepted mass allocation for the energy storage 
system for the high altitude solar powered unmanned airplane is about 400 
pounds of which about 150 pounds is allocated to the SORFC. 

tercel Other potential regenerative fuel cell systems, such as the PEM 
regenerative fuel cell, produce the fuel cell discharge chemical byproduct 
(water) on the oxidant side of the cell. To open the oxygen oxidant system 
loop to take advantage of the mass savings associated with oxidant storage 
elimination, the byproduct water would be lost and the regenerative nature 
destroyed. Even if most of the byproduct water from an open loop oxidant 
could be captured, there are other deficiencies in the PEM open loop oxidant 
type of regenerative fuel cell. First, some water, make up would be required 
as not all of the byproduct water could be captured. Second, the water vapor 
that is discharged would provide a condensation trail to easily Identify the 
location of the airplane and this water could interfere with sensitive onboard 
sensors. Third, the altitude at which the airplane flies is within the range of 
maximum ozone concentration and the o2one Ingested into the cell oxygen 
oxidant chambers is known to degrade organic species such as the organic 
PEM electrolyte. 
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. im The SORFC system overcomes the deficiencies of the * 
hydrogen/oxygen PEM open loop oxidant regenerative fuel cell. First, a 
hydrogen ion Is transported in the PEM fuel cell. In contrast, in the SORFC, 
an oxygen ion is transported across the electrolyte. Thus, the byproduct 
water is formed on the fuel side of the electrolyte in the SORFC. The only 
^chemical produced or consumed within the SORFC oxidant chamber is 
oxygen and no water is lost from the open loop oxidant. This eliminates water 
make up. detectable condensation trails, and interference with sensors. 
Second, since no organic materials are preferably used within the SORFC 
stack, the hardware is immune to ozone degradation. 

10023] Figure 1 illustrates a SORFC system within a .high altitude solar 
powered unmanned airplane according to a preferred aspect of the first 
embodiment. Preferably, all of the airplane power comes from solar radiation. 
However, an alternative or an additional power source may also be used. - The 
airplane contains a body which may include a fuselage as well as a wing 
structure (not shown for clarity)'. The top surface of the airplane's large wing 
structure is mostly covered with photovoltaic cells to form a solar array 700 
The solar array 700 may also be located on other parts of the airplane. This 
array converts the solar radiation Into DC electricity. During the daytime 
when solar radiation is available, a portion of the DC electricity is delivered to 
the motor propeller system 740 (i.e., an electrical motor which rotates the 
propeller) from the -solar array 700 via electrical cable 720. This provides 
thrust to the airplane during the daytime. Of course the SORFC system can 
be used with other types of airplane propulsion systems, such as a ducted 
fan, etc., and it also may be used on other types of airplanes. 

IP029] Another portion of the DC electricity is delivered to the SORFC 240 
from the solar array 700 via electrical cable 710. At the same time oxidized 
fuel (,,e.. water) is delivered to the SORFC 240 from oxidized fuel storage 
vessel 260 via fluid conduit 290. Within SORFC 240. the water is electrolyzed 
using the DC electricity provided from array 700. The oxygen oxidant is 
discarded from the SORFC 240 via fluid conduit 310. For example, conduit 
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310 may be an outlet pipe which vents oxygen Into the atmosphere. The 
hydrogen (or hydrocarbon) fuel is delivered to fuel storage vessel 250 from 
SORFC 240 via fluid conduit 280. Ambient air, if needed for thermal control, 
is delivered to SORFC 240 via fluid conduit 300. Any thermal, control air is 
discharged from SORFC 240 via fluid conduit 310 along with the generated 
oxygen oxidant 

[0030J During the nighttime, when solar radiation is not available, the 
previously generated hydrogen (or hydrocarbon) fuel is delivered to SORFC 
240 from fuel storage vessel 250 via fluid conduit 280. Simultaneously, 
ambient air as the oxidant source is delivered to the SORFC 240 via fluid 
conduit 300. Within SORFC 240. DC electricity is generated and delivered to 
the motor propeller system 740 via electrical cable 730 to provide thrust to the 
airplane during the nighttime. Depleted air is discharged from the SORFC 
240 via fluid conduit 310. The air oxidant source flow also serves as a 
thermal control fluid. The oxidized fuei (water) is delivered from the SORFC 
240 to the oxidized fuel storage'vessel 260 via fluid conduit 290. 

toosij Second Preferred Embodiment 

[00321 In a second preferred embodiment of the present invention, a non,- 
regenerative solid oxide fuel cell (SOFC) is used as a primary power source 
for an airborne vehicle, such as the high altitude unmanned airplane. In this 
embodiment, all the energy for the airplane comes from fuel carried onboard. 
For missions of only a few hours to a few days duration, the high-energy 
conversion efficiency of the SOFC combined with its ability to effectively use 
the high altitude air as the oxidant makes this approach advantageous. 

fl«w] The use of hydrogen as the fuel is preferred because it allows the 
airplane to maintain a stealth character as the oxidized fuel (water) Is stored 
and the airplane retains a zero emission status. However, If desired, a 
conventional hydrocarbon fuel (such as propane) may be used instead if the 
stealth characteristics are not important in the airplane. 
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P034] As in the SORFC, the SOFC uses atmospheric air as the source of ' 
oxygen oxidant without compromising the stealth. The advantages of the 
SOFC compared to the open loop oxidant PEM fuel cell include the lack of a 
water vapor condensation trail with its further interference with onboard 
sensors and the tolerance to atmospheric ozone. 

[0033 Figure 2 illustrates a SOFC system within a high altitude unmanned 
airplane according to a preferred aspect of the second embodiment Fuel 
(preferably hydrogen) Is delivered from fuel storage vessel 250 to the SOFC 
750 via fluid conduit 280, Simultaneously, ambient air oxidant oxygen is 
supplied to SOFC 750 via fluid conduit 300- Within SOFC 750 f reactions 
produce DC electricity and oxidized fuel (water). The oxidized fUel Is 
delivered from the SOFC 750 to the oxidized fuel storage vessel 260 via fluid 
conduit 290. If stealth characteristics are not Important in the airplane, then 
the oxidized fuel may be vented into the atmosphere and the storage vessel 
260 and conduit 290 may be omitted. The depleted oxidizer (i.e., oxygen 
depleted air) is vented into th6 atmosphere through conduit 310. The DC 
electricity is delivered from the SOFC 750 to the motor propeller system 740 
via electrical cable 760 providing thrust for the airplane until the fuel is 
exhausted. 

po3Bj The Third Preferred Embodiment 

ioo37] In a third pYeferred embodiment a SORFC or a SOFC system is not 
only used to provide a high altitude solar powered unmanned airplane with 
electrical energy, but also provides heat for thermal conditioning of airplane 
systems or payload. SORFC and SOFC systems operate at elevated 
temperatures and generate heat during operation. Part of this heat can be 
harnessed and transported to airplane systems or payload that require 
heating. For example, for an airplane operating at 66,000 ft altitude, the 
ambient air temperature is approximately -55°C. Some of the equipment 
within the airplane* should be kept at temperatures above this ambient 
temperature. This equipment may be heated using electric heating. 
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However, electric heating adds additional power requirements to the airplane " 
power supply system which can result in additional mass. Some of this 
additionar mass can be eliminated if a heat transport loop is provided which 
transports thermal energy from the SORFC or SOFC to the equipment or 
payload that needs to be heated. Alternatively, in a manned airplane, the 
^occupant compartment may be heated using heat from the SOFC or SORFC. 

[oomj Figure 3 illustrates an SORFC system within a high altitude solar 
powered unmanned airplane that also supplies heat to airplane systems or 
payloads. according to a preferred aspect of the third embodiment The 
system of Figure 3 is similar to that illustrated in Figure 1, except that the 
SORFC 240 is used to heat an airplane system or payload 810 that is located 
in the airplane body remote from the SORFC system. Preferably all of the 
airplane power comes from solar radiation. The top surface of the airplane^ 
large wing structure is mostly covered with photovoltaic cells to form a solar 
array 700. This array converts the solar radiation into DC electricity. During 
the daytime, when solar radiatidn is available, a portion of the DC electricity is 
delivered to the motor propeller system 740 from the solar array 700 via 
electrical cable 720. This provides thrust to the airplane during the daytime. 
Another portion of the DC electricity is delivered to the SORFC 240 from the 
solar array 700 via electrical cable 710. At the same time oxidized fuel 
(water) is delivered to the SORFC 240 from oxidized fuel storage vessel 260 
via fluid conduit 290. Within SORFC 240 the water is elecfrolyzed using the 
DC electricity. The oxygen oxidant is discarded from the SORFC 240 via fluid 
conduit 310. The hydrogen fuel is delivered to fuel storage 250 from SORFC 
240 via fluid conduit 280. Ambient air, if needed for thermal control, is 
delivered to SORFC 240 via fluid conduit 300. Any thermal control air is 
discharged from SORFC 240 via fluid conduit 310 along with the generated 
oxygen oxidant 

[ocas] During the nighttime, when solar radiation is not available, the 
previously generated hydrogen fuel is delivered to SORFC 240 from fuel 
storage 250 via fluid conduit 280. Simultaneously, ambient air as the oxidant 
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source is delivered to the SORFC 240 via fluid conduit 300. Within SORFC ' 
240 DC electricity is' generated and delivered to the motor propeller system 
740 via electrical cable 730 to provide thrust to the airplane during the 
nighttime. Depleted air is discharged from the SORFC 240 via fluid conduit 
310. The air oxidant source flow also serves as a thermal control fluid. The 
^oxidized fuel (water) Is delivered from the SORFC 240 to the oxidized fuel 
storage vessel 260 via fluid conduit 290. 

(oo4oj The SORFC generates heat during charge and discharge operation. A . 
heat transport loop 800 transports heat from the SORFC to the equipment 
(i.e., electronics, etc.) or payload 810 in need of heat The heat transport loop 
800 may comprise pipe(s) or duct(s) filled with a heat transfer medium, such 
as a gas or liquid. Preferably, the loop 800 uses air as the heat transfer 
medium. Cooling air is blown past or adjacent to the hot fuel cell stack 240 
through the loop 800. The air absorbs heat as It Is passed through loop 800 
and the warmed air Is guided toward or adjacent to the remotely located 
equipment or payload 810 that needs to be heated. Thus, the loop 800 
provides heat to equipment or payload that would not ordinarily be heated by 
the SORFC (i.e., "remotely" located payload or equipment Is payload or 
equipment that would not be substantially heated by the SORFC but for the 
loop 800). The loop 800 may be an open or a closed loop. The heat transport 
loop can also operate with a liquid or a two-phase re-circulation loop. Other 
modes of heat transfer, such as conduction or radiation can also be used. ' 

[oo4ij Waste heat can also be used to heat payload or equipment 810 when a 
SOFC is acting as a primary power source for a high altitude airplane. Figure 
4 illustrates a SOFC system within a high altitude unmanned airplane used to 
supply heat to airplane systems or payload. The SOFC system in Figure 4 is 
similar to the SOFC system shown in Figure 2, except for the presence of the 
heat transfer loop 800. 

[oo4Z] Fuel (hydrogen) is delivered from fuel storage vessel 250 to the SOFC 
750 via fluid conduit 280. Simultaneously, ambient air oxidant oxygen is 
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supplied to SOFC 750 via fluid conduit 300. Within SOFC 750, reactions ' 
produce DC electricity and oxidized fuel (water). The oxidized fuel is 
delivered from the SOFC 750 to the optional oxidized fuel storage vessel 260 
via fluid conduit 290. The DC electricity is delivered from the SOFC 750 to the 
motor propeller system 740 via electrical cable 760 providing thrust for the 
-airplane until the fuel is exhausted. 

flxM3j A heat transport loop 800 transports heat from the SOFC to the 
equipment or payload 810 in need of heat. The heat transport loop 800 may 
comprise pipe(s) or duct(s) through which a heat transfer medium travels, 
similar to that described with respect to the system of Figure 3. Heat transfer 
medium, such as cooling air, is blown past the hot SOFC stack 750, where 
the air absorbs heat The warmed air is guided through the loop 800 to the 
equipment or payload 810 that needs to be heated. The heat transport loop 
can be open or closed loop and also operate with a liquid or a two-phase re- 
circulation loop. Other modes of heat transfer, such as conduction or 
radiation can also be used. It Should be noted that while SORFC and SOFC 
systems are preferred for providing heat in the airplane, other fuel cell 
systems, such as PEM fuel cell systems, may be used instead. 

n»044i The Fourth Preferred Embodiment 

ioo45i Any type of SOFC or SORFC may be used to provide power and/or 
heating for an airborne vehicle of the first through third embodiments. A 
preferred SORFC system for use in the airborne vehicle is described below. 
However, it should be noted that the SORFC system described below may be 
used to power and/or heat objects other than an airborne vehicle, such as a 
ground based vehicle (i.e.. automobile, etc.). water based vehicle (i.e.. ship), a 
building or various devices requiring heat or power. 

too** The SORFC is an electrochemical device based on a solid, oxygen ion 
conducting electrolyte, which is capable of generating electrical energy by 
oxidation of a fuel, and which is also capable of regenerating the oxidized fuel 
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back into fuel. Figure 5 shows a functional schematic of a SO RFC in 
"discharge" or "electricity generation" mode. 

pw)47j The SORFC 400 contains a solid electrolyte 100, a fuel electrode 110 
and an oxygen electrode 120. The electrolyte 100 is an oxygen ton 
, conducting material such as a ceramic material. Preferably, yttria stabilized 
zirconia (YSZ) is used, but other materials, such as gadolinia doped ceria or 
scandia doped zirconia can also be used. The oxygen electrode 120 Is made 
from a material that can conduct electrons in an oxidizing environment Two 
preferred materials are strontium doped lanthanum manganite (LSM) and 
platinum, which is often mixed with an oxygen ion conductor such as YSZ. 
Other materials capable of conducting electrons in an oxidizing environment 
can also be used. 

1004a] In non-regenerative solid oxide fuel cells (SOFC), nickel YSZ mixtures 
are commonly used as fuel electrodes 110 for electrical energy generation. 
Nickel requires a reducing environment in order to work properly. In a 
SORFC, the fuel electrode 110 is exposed to a reducing environment during 
discharge, but is exposed to an oxidized fuel during charge operation. 
Therefore, materials capable of conducting electrons in an oxidizing 
environment should be used at the fuel electrode 1 10. Similarly to the oxygen 
electrode 120, platinum that Is mixed with YSZ or LSM is preferably used as a 
fuel electrode 110 material. Other materials that are capable of conducting 
electrons in an oxidizing environment can also be used. 

[0049J The fuel supply 130 reaches the fuel electrode side of the SORFC 400. 
The fuel 130 is preferably hydrogen, but other fuels, for example 
hydrocarbons or oxygenated hydrocarbons can also be used. An oxidizer 
150, preferably air, reaches the SORFC on the oxygen electrode side. Other 
oxidizer, for example pure oxygen can be used. The fuel reacts with oxygen 
available at the fuel electrode 110 and thereby creates a low oxygen partial 
pressure on the fuel electrode 110 side of the cell. 
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ioo50] Electrically conductive electrodes 110 and 120 on both sides of the ' 
electrolyte 100 can provide and absorb electrons and thereby oxygen Ions 
can be generated and consumed. The difference in partial pressure of 
oxygen between the fuel electrode 110 and the oxygen electrode 120 drives 
negatively charged oxygen ions from the oxygen electrode 120 through the 
'electrolyte 100 to the fuel electrode 110. Thereby, negative electrical charge 
is transported from the oxygen electrode 120 to the fuel electrode 110. This 
charge transport generates an electrical potential difference between fuel 
electrode 110 and oxygen electrode 120, which can be used to drive an 
electrical circuit (not shown in Figures for clarity) connected to the SORFC via 
the fuel electrode electrical connection . 122 and the oxygen electrode 
electrical.connection 126. 

loosii Oxidized fuel leaves the SORFC in the oxidized fuel outflow 140. The 
oxidized fuel preferable consists of a mixture of water vapor and unreacted 
hydrogen, but other materials are also possible. Oxygen depleted oxidizer 
leaves the SORFC in the depleted oxidizer outflow 160. The oxygen depleted 
oxidizer is preferably air with a reduced oxygen content as compared to the 
oxidizer inflow 1 50, but other materials can also be used. 

PMS2j Figure 6 illustrates a functional schematic of the SORFC 400 In 
"electrolyzer" or -charge" mode. Oxidized fuel reaches the fuel electrode 110 
at the oxidized fuel inflow 1 70. The oxidized fuel is preferably water vapor, but 
other materials, for example a mixture of carbon oxides and water vapor can 
also be used. An electrical potential is applied through the fuel electrode 
electrical connection 122 and oxygen electrode electrical connection 126. 
This creates a driving force to electrolyze the oxidized fuel 170 at the fuel 
electrode 110 and transport the oxygen through the electrolyte 100 to the 
oxygen electrode 120. As in the discharge mode, the transfer of oxygen from 
the fuel electrode 110 through the electrolyte 100 to the oxygen electrode 120 
occurs in the form of oxygen ion transport. 
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Coosa] Regenerated fuel and residual oxidized fuel leave the SORFC at the ' 
regenerated fuel outflow 180. This mixture preferably consists of hydrogen 
and water vapor, but other materials are also possible. An optional oxygen 
electrode inflow 190 can be provided to the oxygen electrode 120. This 
optional oxygen electrode inflow 190 can, for example, provide temperature 
'management of the SORFC, but can also serve other purposes and it may 
also be absent Ambient air is a preferred material for the optional oxygen 
electrode inflow 190, but other materials can also be used. The regenerated 
oxidizer outflow 200 removes regenerated oxidizer and optional oxygen 
electrode , inflow 190 from the cell. This regenerated oxidizer outflow 
preferably consists of pure oxygen or an oxygenair mixture, but other 
materials can also be used. 

10054, For practical use the SORFC can be packaged in a multi-cell system 
by stacking a number of the repeating elements 220 as shown in Figure 7. 
The amount of power available from an. SORFC depends on the electroded 
area. Multi-cell systems provide for convenient packaging of large electroded 
areas. 

ioo*9 Figure 7 illustrates an example for packaging of multiple SORFC. Here 
a planar electrolyte 100, with fuel electrode 110 and oxygen electrode 120 
applied to either side of the planar electrolyte 100, is sandwiched between 
interconnect plates 210 thereby forming a stack. The elements shown In 
Figure 7 can be repeated many times to form a large SORFC stack. The 
interconnect plate 210 serves several functions. The interconnect plate 210 
separates the gas volume adjacent to the fuel electrode 110 from the gas 
volume adjacent to the oxygen electrode 120. This separation avoids 
uncontrolled reaction or mixing of the gases on the two sides of each 
electrolyte 100. In SORFC, this separation is also important to avoid losses of 
the fuel or oxidized Yuel. which would limit the useful life of the energy storage 
device. The interconnect 210 also provides a flow path for the gases on 
either side of the electrolyte. For example, the gas flow paths may comprise 
grooves in plate 210. 
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£oosq Figure 7 illustrates a system with the fuel inflow 1 30 on the right side of 
the SORFC stack and the oxidized fuel outflow 140 on the left side of the 
stack. The oxidizer flow proceeds from the oxidizer inflow 150 on the back 
side of the stack to the depleted oxidizer outflow 160 on the front of the stack. 
This cross-flow configuration is one preferred flow path. Other preferred flow 
"paths are co-flow where both gases stream in the same direction and counter 
flow where the two gases flow In opposite directions. The system can also be 
provided with other flow paths, for example paths based on circular stack 
geometries. The Interconnect plate 210 can also provide an electrical current 
path within the stack. One preferred example is an interconnect 210 
fabricated from an electrically conductive material. One side of interconnect 
.210 contacts a fuel electrode 110. and the other side contacts an oxygen 
electrode 120. Current flows through the interconnect 210 to the fuel 
electrode 110, through the electrolyte 100, through the oxygen electrode 120, 
and then through the next interconnect 210. This group of conducting 
elements can be repeated. One preferred material for the interconnect 210 Is 
a metal which expands at the same rate as the electrolyte 100 during 
temperature changes, such as a metal felt described in U.S. provisional 
application serial number 60/357.636, filed February 20, 2002. Incorporated 
herein by reference. Other examples are high temperature alloys, ferrltlc 
steels, or electrically conductive ceramics. Other materials can be used for 
the interconnect 210. For many of these materials surface coatings may be 
added in order to achieve a chemically stable system. 

[0057] In a SORFC, both sides of the interconnect 210 need to be capable of 
operating in an oxidizing environment. In contrast, in a SOFC, the side of the 
Interconnect 210 facing the fuel electrode 110 can be operated solely in a 
reducing environment which poses relaxed requirements for the interconnect 
210. 

loosaj The planar stacked electrolytes in Figure 7 are only one preferred 
example for packaging of SORFC. Other possibilities include, but are no 
limited to. cells in which the electrolyte is formed into tubes. 
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10059] Figure 7 does not show how the gases are manifolded in order to ' 
supply and remove gas from the repeating stack elements 220. Figure 8 
presents one preferred example for external manifolding of the stack elements 
shown In Figure 7. The repeating elements 220 are mounted inside a circular 
cylinder 230. Gas distribution to the repeating elements 220 is provided in the 
•space between the square stack repeating elements 220 and the inner wall of 
the circular cylinder 230. Other manifolding schemes are also possible. 

(00601 The electrolyte 100 is preferably between 50 and 400 micrometer thick, 
such as 100-200 micrometer thick. Systems with thinner and thicker 
electrolytes are also possible. The fuel electrode 110 is preferably 20 to 50 
micrometer thick, such as 30-40 micrometer thick, while the preferred 
thickness for the oxygen electrode 120 is between 30 and 80 micrometer, 
such as 45-65 micrometer thick. Other electrode thicknesses are possible. 
The interconnect 210 is preferably 1 to 5 mm thick, such as 2-4 mm thick. 
Preferred operating voltages during discharge are 0.6V to 1.0V per cell. 
Preferred operating voltages during charging are 1.0 to 2.1V per cell. 
Different voltages may be used in operation. Preferred power densities during 
discharge range between 100 and 1000 mW per square centimeter, such as 
100-300 mW per square centimeter of electroded area. Preferred current 
densities during charging range between 100 and 2000 mA per square 
centimeter, such as 500-1500 mA per square centimeter electroded area. 
Larger and smaller values for power density and current density are possible. 
The preferred active area for each cell within a stack ranges between 9 and 
500 square centimeter. The preferred dimension for the cell stack elements 
shown In Figure 7 is a side length between 3 and 25 cm, such as 7-15 cm. 
The preferred number of cells within a stack ranges from 5 cells to 200 cells, 
such as 50-100 cells. Larger and smaller cells as well as more and fewer 
cells per stack are possible. 

I006U Figures 9 to 12 illustrate a preferred SORFC system in which the fuel 
and the oxidized fuel are stored and regenerated. It Is possible to also store 
and regenerate the oxidizer. However, one of the major advantages of 
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SORFC is the ability to operate for an unlimited number of cycles without 
oxidizer storage. 

pong The - SORFC energy storage system In discharge or electricity 
generation mode is illustrated In Figure 9. Fuel Is stored In the fuel storage 
vessel or tank 250. In one preferred embodiment the fuel is hydrogen which 
is stoFed as compressed gas. Other preferred storage options for hydrogen 
fuel include, but are not limited to cryogenic storage, metal hydrides, carbon 
adsorption (graphite, nanotube, or activated), sodium borohydride, ^nd glass 
microspheres. Hydrocarbon fuel maybe used instead. The fuel tank SORFC 
connecting line 280 delivers fuel to the SORFC system 240. Oxidizer is 
provided from ambient through oxidizer inlet line 300 to the SORFC system 
240. In the SORFC system 240, fuel is oxidized with the oxidizer and 
electrical energy and heat are generated. The oxidized fuel is delivered to the 
oxidized fuel storage tank 260 through the oxidized fuel tank SORFC system 
connecting line 290. In one preferred aspect, the oxidized fuel is water, and. 
the water is stored in its liquid, solid, or partly frozen state. The depleted 
oxidizer is vented to ambient through the oxidizer outlet line 310. 

£0063] Figure 10 illustrates the SORFC energy storage system in charge or 
electrolyzer mode. Stored oxidized fuel is provided from the oxidized fuel 
storage tank 260 to the SORFC system 240 via the oxidized fuel tank SORFC 
system connecting line 290. In the SORFC system 240, oxidized fuel is 
electrolyzed to fuel and oxidizer. The fuel generated is transported to the fuel 
storage tank 250 through the fuel tank SORFC system connecting line 2&0. 
The oxidizer generated in the SORFC system 240 is vented back to ambient 
through the oxidizer outlet line 310. Optionally, fresh oxidizer (i.e., air) can be 
provided to the SORFC system 240 during the charge mode through the 
oxidizer inlet line 300. This optional inlet stream can for example serve as the 
thermal control of the SORFC system. 

100641 Figure 1 1 Illustrates one preferred layout of the SORFC energy storage 
system, which includes fuel and oxidizer flow control. Figure 1 1 illustrates this 
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system in discharae mode. Fuel from the fuel storage tank 250 is provided to 1 
the SORFC input selector valve 470 through the fuel tank delivery line 520, 
the fluids junction 500, the fuel compressor bypass line 530, the fuel 
compressor bypass valve and regulator 460, the fuel compressor bypass line 
531 the fluids junctions 501, and the fuel delivery line 540. An additional 
'stream of fuel from the water/hydrogen separator and pump 410 is also 
delivered to the SORFC input selector valve 470 through the separator fuel 
outlet line 550, the fluids junction 501 , and the fuel delivery line 540. . 

P»e5] The fuel is transported from the SORFC input selector valve 470 to the 
SORFC 400 via the SORFC fuel side input lines 590 and 591. The fuel can 
be preheated in the optional fuel heat exchanger 450. In the SORFC 400, the 
fuel is reacted with oxidizer and generates electrical energy and heat In a 
preferred layout, the fuel is only partially oxidized, and the partially oxidized 
fuel (i.e., hydrogen and water) is transported to the separator and pump 410 
via the SORFC fuel side outlet lines 600 and 601. Preferably, the optional 
fuel heat exchanger 450 extracts heat from the partially oxidized fuel. The 
heat extracted from the partially oxidized fuel is used to heat the fuel inflow to 
the SORFC 400. 

[ooeq In the separator and pump 410 oxidized fuel (i.e.. water) and fuel (i.e.. 
hydrogen) are separated. This separator and pump 410 can preferably be a 
centrifugal device that both separates and adds energy to (i.e. pressurizes) 
the liquid and the gaseous components. The fuel Is pressurized and returned 
to the SORFC input selector valve 470 through the separator fuel outlet line 
550, the fluids junction 501, and the fuel delivery line 540. as described 
previously. The oxidized fuel (i.e.. water) is transported from the separator 
and pump 410 to the oxidized fuel tank 260, via the separator oxidized fuel 
outlet line 560, the fluids junction 502, the oxidized fuel tank line 571, the 
oxidized fuel storage valve and regulator 480, and the oxidized fuel tank line 
570. The separator and pump 410 delivers the oxidized fuel at a pressure 
suitable for storage In tank 260. In one preferred embodiment the fuel storage 
tank 250 and the oxidized fuel storage tank 260 are combined in one vessel. 
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For the preferred option of hydrogen fuel and water as the oxidized fuel, fuel ' 
and oxidized fuel can be easily separated due to their different phases (gas 
vs. liquid). The gaseous fuel can provide pressunzation for the liquid oxidized 
fuel and thereby facilitate delivery of the oxidized fuel during charge mode. 

^ Oxidizer, such as air, needed for the oxidation of the fuel is provided to 
the SORFC 400 through the SORFC oxidizer side inlet lines 620, 621, 622, 
and 623, and the oxidizer input valve 490. The oxidizer is driven into the" 
SORFC 400 by the oxidizer blower 430. The oxidizer can be preheated in the 
optional oxidizer heat exchanger 440. The depleted oxidizer is vented 
through the SORFC oxidizer side outlet lines 610 and 611. Lines 610 and 
611 preferably pass through the optional oxidizer heat exchanger 440 to 
extract heat from the depleted oxidizer outlet stream and thereby preheat the 
oxidizer inflow, Aiternatively. the incoming fuel may be preheated by the 
depleted oxidizer stream and/or the incoming oxidizer may be preheated by 
the oxidized fuel stream, if the location of lines 600/601 and/or 610/611 is 
reversed with respect to heat exchangers 440, 450. 

[ooaq The valve and regulator 460 is open in the discharge mode, while the 
fuel compressor valve 455 is closed. Valve 470 is a three way vafve, which is 
switched to allow fuel flow between lines 540 and 590, while preventing 
oxidized fuel flow from line 630 to line 590. 

mi Figure 12 ilfustrates how the system shown in Figure 1 1 operates in the 
charge mode. Oxidized fuel (i.e., water) is delivered to the SORFC input 
selector valve 470 from the oxidized fuel storage tank 260 via the oxidized 
fuel tank line 570, the open oxidized fuel storage valve and regulator 480, the 
oxidized fuel- tank line 571, the fluids junction 502, and the oxidized fuel 
delivery line 630. Additional oxidized fuel is provided from the separator and • 
pump 410 to the SORFC input selector valve 470 via the separator oxidized 
fuel outlet line 560, the fluids junction 502, and the oxidized fuel delivery line 
630. The oxidized fuel Is transported from the SORFC input selector valve 
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470 to the SORFC 400 through the SORFC fuel side input lines 590 and 591. ' 
The oxidized fuel can be preheated in the optional fuel heat exchanger 450. 

tPOTor In the SORFC 400, the oxidized fuel is electrolyzed. Partly 
regenerated fuel (i.e., hydrogen and water) is transported from the SORFC 
,400 to the separator and pump 410 through the SORFC fuel side outlet lines 
600 and 601. The optional fuel heat exchanger 450 can extract heat from the 
partially regenerated fuel and provide pre-heat to the oxidized fuel inflow. In 
the separator and pump 410, the regenerated fuel (i.e., hydrdgen) and 
oxidized fuel (I.e., water) are separated. Fuel is transported from the 
separator and pump 410 to the fuel tank 250 through the separator fuel outlet 
line 550, the fluids junction 501, the fuel compressor line 512, the optional fuel 
compressor valve 455, the fuel compressor line 511, the optional fuel 
compressor 420, the fuel compressor line 51 0. the fluids junction 500, and the 
fuel tank delivery line 520. The optional compressor 420 pressurizes the fuel 
for storage in the fuel storage tank 250. The optional compressor 420 Is 
preferably an electrochemical hydrogen pump. Oxidized fuel from the 
separator and pump 410 is re-circulated to the SORFC input selector valve 
470 via the separator oxidized fuel outlet line 560, the fluids junction 502, and 
the oxidized fuel delivery line 630. The separator and pump 410 brings the 
output oxidized fuel to a pressure suitable for recirculation. 

[own Regenerated, oxidizer is vented from the SORFC 400 to ambient via 
the SORFC oxidizer side outlet lines 610 and 611. The optional oxidizer heat 
exchanger 440 can extract heat from the regenerated oxidizer outflow. 
Optionally, additional oxidizer can be provided from ambient to the SORFC 
400 through the SORFC oxidizer inlet line 620, the oxidizer blower 430, the 
SORFC oxidizer inlet line 621, the oxidizer input valve 490. the SORFC 
oxidizer inlet line 622, and the SORFC oxidizer inlet line 623. The optional 
oxidizer heat exchanger 440 can add heat to the oxidizer inflow. In one 
preferred embodiment the optional oxidizer inflow provides thermal control for 
the SORFC 400. 
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coo??] The valve and regulator 460 is closed in the charge mode, while valve 
455 is open. Valve 470 is a three way valve, which is switched to prevent fuel 
flow between lines 540 and 590, while allowing oxidized fuel flow from line 
630 to line 590. 

4 tD073] The SORFC system 240 described previously contains the SORFC 
400 and controlling elements, associated electrical circuits, peripheral fluid 
lines, valves and heat exchangers. The fuel tank SORFC system connecting 
line 280 includes lines 510, 511. 512. 520 and 540. The oxidized fuel tank 
SORFC system connecting line includes lines 560, 570, 571, 590, 591, 600, 
601, and 630. The oxidizer inlet line 300 includes lines 620, 621, 622, and 
623. The oxidizer outlet line 310 includes lines 610 and 61 1. 

|oo74j The SORFC energy storage system can be sized for a wide range of 
power and energy storage requirement Preferred power levels range from 
1kW to 10MW, but smaller and larger systems are possible. There are 
virtually no limits for the amount of energy that can be stored. Appropriate 
tank sizing can store energy from a few Whr (Watt hours) to GWhr (Gigawatt 
hours). The SORFC energy storage system is especially advantageous at 
large energy levels, where large energy storage densities can be realized. 
Energy storage densities in excess of 450 Whr/kg can be realized. Energy 
storage efficiencies (energy available in discharge divided by energy needed 
to charge) on the order of 0.5 can be realized. 

[oorq The foregoing description of the invention has been presented for 
purposes of illustration and description. It is not Intended to be exhaustive or 
to limit the invention to the precise form disclosed, and modifications and 
variations are possib : in light of the above teachings or may be acquired from 
practice of the invention. The drawings are not necessarily to scale and 
illustrate the device in schematic block format. The drawings and description 
of the preferred embodiments were chosen in order to explain the principles of 
the invention and its practical application, and are not meant to be limiting on 
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the scope of the claims. It Is intended that the scope of the invention be " 
defined by the claims" appended, hereto, and their equivalents. 

POTer Parts list 
100 electrolyte 
,110 fuel electrode 
120 oxygen electrode 
122 fuel side electrical connection 

126 oxygen side electrical connection v 

1 30 fuel inflow 
.140 oxidized fuel outflow 

150 oxidizer inflow 

160 depleted oxidizer outflow 

1 70 oxidized fuel inflow 

1 80 regenerated fuel outflow 

1 90 optional oxygen side inflow 

200 regenerated oxidizer outflow 

210 interconnect 

220 repeating elements 

230 gas manifold 

240 SORFC system 

250 fuel storage tank 

260 oxidized fuel storage tank 

280 fuel tank SORFC system connecting line 

290 oxidized fuel tank SORFC system connecting line 

300 oxidizer inlet line 

310 oxidizer outlet line 

400 Solid Oxide Regenerative Fuel Cell (SORFC) 

41 0 fuei/oxidlzed fuel separator and pump 

420 fuel compressor 

430 oxidizer blower 

440 oxidizer heat exchanger 

450 fuel heat exchanger 
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455 fuel compressor valve 
460 fuel compressor bypass valve and regulator 
470 SORFC input selector valve 
480 oxidized fuel storage valve and regulator 
490 oxidizer input valve 
. -500 fluids junction 

501 fluids junction 

502 fluids junction 

510 fuel compressor line 

51 1 fuel compressor line 

512 fuel compressor line 
520 fuel tank delivery line 

530 fuel compressor bypass line 

531 fuel compressor bypass line 
540 fuel delivery line 

550 separator fuel outlet line 

560 separator oxidized fuel outlet line 

570 oxidized fuel tank line 

571 oxidized fuel tank line 

590 SORFC fuel side input line 

591 SORFC fuel side input line 

600 SORFC fuel side outlet line 

601 SORFC fuel side outlet line 

61 0 SORFC oxidizer side outlet line 

61 1 SORFC oxidizer side outlet line 

620 SORFC oxidizer Inlet line 

621 SORFC oxidizer inlet line 

622 SORFC oxidizer inlet line 

623 SORFC oxidizer inlet line 
700 solar array 

710 electrical cable 
720 electrical cable 
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730 electrical cable 
740 motor propeller 
750 SOFC 
760 electrical cable 
800 heat transfer loop 
'810 payload or equipment 
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We claim: 

1 . A solid oxide fuel cell adapted to power an airborne vehicle. 

2. The" fuel cell of claim ,1, wherein the solid oxide fuel cell comprises a 
solid oxide regenerative fuel cell (SORFC). 

,3. The fuel cell of claim 2, wherein: 

the SORFC is adapted to power an unmanned, solar powered airplane 
in absence of sunlight; and 

the SORFC is adapted to regenerate fuel using electricity generated 
from sunlight 

4. The fuel cell of claim 1. wherein the solid oxide fuel cell comprises a 
non-regenerative solid oxide fuel cell (SOFC). 

5. The fuel cell of claim 2, wherein the SOFC is adapted to power an 
unmanned, electrically powered airplane. 

6. The fuel cell of claim 1 . wherein the fuel cell is also adapted to provide 
heat to payload or equipment of the airborne vehicle. 

7. An electrically powered airplane, comprising: 
an airplane body; 

a solid oxide fuel cell adapted to power the airplane; and 

a fuel storage vessel adapted to provide fuel to the solid oxide fuel cell. 

8. The airplane of claim 7, wherein the airplane comprises an unmanned, 
propeller driven high altitude airplane. 

9. The airplane of claim 8, wherein: 

the airplane comprises a solar powered airplane containing a solar cell 

array; 

the solid oxide fuel cell comprises a solid oxide regenerative fuel cell 
(SORFC); 

the SORFC is adapted to power the airplane in absence of sunlight; 

and 

the SORFC is adapted to regenerate fuel using electricity generated 
from sunlight by the solar cell array. 
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10. The airplane Of claim 8, wherein the solid oxide fuel cell comprises a 
non-regenerative solid oxide fuel cell (SOFC). 

11. The airplane of daim 8, further comprising an oxidized fuel storage- 
vessel adapted to store oxidized fuel output by the fuel cell. 

*12. The airplane of claim 1 1 , wherein: 

the fuel storage vessel is adapted to store hydrogen; and 
the oxidized fuel storage vessel is adapted to store water. 

13. The airplane of claim 7, wherein the fuel storage vessel is adapted to 
store both hydrogen fuel and water oxidized fuel. 

14. The airplane of claim 12, further comprising: 

an air inlet adapted to provide air to the fuel cell; and 
an air outlet adapted to vent air from the fuel cell. 

15. The airplane of claim 7. further comprising a heat transfer loop adapted 
to transfer heat from the fuel cell to payload or equipment located remotely in 
the airplane body, 

16. The airplane of claim 7.' further comprising a motor propeller system 
which is powered by the fuel cell. 

17. The airplane of daim 7, further comprising an oxidized fuel separation 
and fuel pump system adapted to separate partially oxidized fuel output by the 
fuel cell into fuel and oxidized fuel, to pump fuel into the fuel cell or the fuel 
storage vessel, and to pump oxidized fuel Into an oxidized fuel storage vessel 
or into the fuel cell. 

1 8. An electrically powered airplane, comprising: 
an airplane body; 

a fuel cell adapted to power the airplane and to heat remotely located 
payload or equipment in the airplane body; and 

a fuel storage vessel adapted to provide fuel to the solid oxide fuel cell. 

19. The airplane of daim 1 8, wherein: 

the fuel cell comprises a solid oxide fuel cell; and 

the airplane comprises an unmanned, propeller driven high altitude 
airplane. 
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20. The airplane of claim 19, wherein: 

the airplane comprises a solar powered airplane containing a solar cell 

array, 

the solid oxide fuel cell comprises a solid oxide regenerative fuel cell 
(SORFC); 

the SORFC is adapted to power the airplane in absence of sunlight; 

and 

the SORFC is adapted to regenerate fuel using electricity generated 
from sunlight by the solar cell array. 

21. The airplane of claim 19.. wherein the solid oxide fuel cell comprises a 
non-regenerative solid oxide fuel cell (SOFC). 

22. The airplane of claim 19, further comprising an oxidized fuel storage 
vessel adapted to store oxidized fuel output by the fuel cell. 

23. The airplane of claim 22, wherein: 

the fuel storage vessel is adapted to store hydrogen; and 
the oxidized fuel storage vessel is adapted to store water. 

24. The airplane of claim 22, further comprising: 

an air inlet adapted to provide air to the fuel cell; and 
an air outlet adapted to vent air from the fuel cell. 

25. The airplane of claim 18, further comprising a heat transfer loop 
adapted to transfer heat from the fuel cell to payload or equipment located 
remotely in the airplane body. 

26. A solid oxideftjel cell system, comprising: 

a first means for providing oxygen ion conduction to generate a 
potential difference between a fuel electrode and an oxygen electrode; and 

a second means for providing electric power to an airborne vehicle 
form the potential difference. 

27. The fuel cell of claim 26, further comprising a third means for providing 
fuel to the first means and a fourth means for providing oxidizer to the first 
means. 
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28. The fuel cell of claim 27, wherein the first means generates electrical * 
energy from the fuel and the oxidizer in a discharge mode and the first means 
regenerates the fuel from oxidized fuei In a charge mode. 

29. The fuel cell of claim 28. wherein the fuel comprises hydrogen, the 
oxidizer comprises oxygen or air and the oxidized fuel comprises water. 

'30. A method of generating power in an airborne vehicle, comprising: 
providing a fuel and a oxidizer to a solid oxide fuel cell; and 
providing electrical power from the fuel cell to a motor propeller system 

of the airborne vehicle. 

31 . The method of claim 30. further comprising; 
converting sunlight into electrical energy; 
providing the electrical energy to the solid oxide tuel cell; 
providing oxidized fuel into the fuel cell; 

electrolyzing the oxidized fuel in the solid oxide fuel cell into partially 
regenerated fuel; 

separating fuel from oxidized fuel in the partially regenerated fuel; and 
storing the fuel and the oxidized fuel. 

32, The method of claim 30. further comprising providing heat to remotely 
located payload or equipment from the fuel cell. 

33. An SORFC power generation system, comprising: 
at least one SORFC cell; 

a fuel storage vessel; 
an oxidizer inlet; 

an oxidized fuel storage vessel; and 
a first means for 

(a) separating partially regenerated fuel provided from the at least one 
SORFC cell into regenerated fuel and oxidized fuel, for directing the 
regenerated fuel into the fuel storage vessel and for directing oxidized fuel 
back into the at least one SORFC cell; and 

(b) separating partially oxidized fuel provided from the at least one 
SORFC cell into fuel and oxidized fuel, for directing the fuel back into the at 
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least one SORFC, and for directing oxidized fuel into the oxidized fuel storage 
vessel. 

34. The system of claim 33, further comprising a compressor adapted to 
compress and provide the regenerated fuel Into the fuel storage vessel. 

35. The system of claim 33, further comprising at least one heat exchanger 
-adapted to preheat fuel incoming into the at least one SORFC cell using 
output of the at least one SORFC ceil. 

36. The system of claim 33, wherein the system is located in an airborne 
vehicle. 



0309*3KW8 | » 



29 



01/14/2008 MON 18:52 [TX/RX NO 7484] @045 



01/14/2008 18:59 FAX 



WO OJ/094J20 



PCT/USOi/13151 



0048/066 




DOC'O -WO.. .03O94320A2 |_> 



01/14/2008 MON 18:52 [TX/RX NO 7484] ©046 



01/14/2008 18:59 FAX 

WO 03/094320 



2/12 



PCT/US0J/1J151 



0047/066 




DCC ID. <WO 03094320A2.I > 



01/14/2008 MON 18:52 [TX/RX NO 7484] @)047 



01/14/2008 18:59 FAX 

WO 03/094320 



3/12 



PCT/US03/13151 



©048/068 




5DOCIO<WO 03004320A3J » 



01/14/2008 MON 18:52 [TX/RX NO 7484] ©048 



01/14/2008 18:59 FAX 

WO 03/094320 



PCT/US03/UJ51 



@049/066 




01/14/2008 MON 18:52 [TX/RX NO 7484] g]049 



01/14/2008 19:00 FAX 

WO 0J/W4J20 



5/12 



PCT/US03/1J151 



©050/066 




IHOCID <wn 03n«W320A2 I > 



01/14/2008 MON 18:52 [TX/RX NO 7484] @ 050 



01/14/2008 19:00 FAX 

WO 03/094320 



6/12 



PCT/US03/13151 



H051/066 




DOClD «WO 0309432 0A2 I > 



01/14/2008 MON 18:52 [TX/RX NO 7484] @)051 



01/14/2008 19:00 FAX 



©052/066 



WO 03/094320 



7/12 



PCT/US03/13151 




s 



3OCI0 <WO_ O30943a0A2_L> 



01/14/2008 MON 18:52 [TX/RX NO 7484] @)052 



01/14/2008 19:00 FAX 



I053/066 



WO 0J/09-I320 



8/12 



PCT/USOJ/13151 




DOCiO- ,WO 03Q94320A2 I > 



01/14/2008 MON 18:52 [TX/RX NO 7484] ©053 



01/14/2008 19:00 FAX 



©054/086 



WO 03/094320 



9/12 



PCT/US03/13151 




01/14/2008 MON 18:52 [TX/RX NO 7484] @054 



01/14/2008 19:00 FAX 

WO 03/094320 



10/12 



PCT/US03/13151 



Q055/066 




01/14/2008 MON 18:52 [TX/RX NO 7484] Eg) 055 



01/14/2008 19:00 FAX 

WO 03/094320 



11/12 



PCT/US03/IJ151 



©056/066 




01/14/2008 HON 18:52 [TX/RX NO 7484] (|056 



01/14/2008 19:00 FAX 

WO 0J/IN4320 



12/12 



PCT/US03/JJ151 



@057/066 




vriin- <wo oar>94a?nA? j > 



01/14/2008 MON 18:52 [TX/RX NO 7484] @ 057 



01/14/2008 19:01 FAX 



©058/066 



( 12) INTERNATIONA I, APPLICATION PUBLISH KD UNDER THK PATENT C<X>PKRATlON TREATY (PCT) 



(19) World Intellectual Properly 
Organization 
International Bureau 

(43) International Publication Date 
13 November 2003 (13.11.2003) 




PCT 



( 10) International Publication Number 

WO 2003/094320 A3 



(51) InUjrnaiiunaJ Patent ChixsMcaiion 7 : B64D 33/00 
(21) International Application Number: 

PCTYUS2003/0I3151 
29 April 2W3 (29.04.2003) 
English 
English 



(22) International FlUng Date: 

(25) filing I language ; 

(26) Publication Language: 

(30) Priority Imta: 

60/377.199 

10/299.863 



3 May 2002 (03 .05.2002 ) US 
20 November 2002 (20 1 1 .2002 ) US 



(71) Applicant (for all designated States except US)z ION 
AMERICA CORPORATION [US/USJ. P.O. Box 97 
Moffotl F, c |d, CA 94035-0097 (US). 

(72) Inventors; and 

(75) InvcntcTfs/AppUcanU^rf/A ti/i/v): McRLROY, James 
[US/US1; 278 Halladay AVenue, Ka«. Suffidd. CT 06078 
(US). GOrrMANN, MaUhla* |DE/US|; MM Torreya Av. 
enuc. Sunnyvale. CA 94086 (US). 

(74) Agents: WEGNKR. Harold, C. ct «|. ; Foley & Laruner 
Washington Harbour. Suite 500, 3000 "K« SireeL N W ' 
Washington, DC 20007 (US), " M 



(81) Designated Si*ies< national): AR, AO. AL. AM, AT AU 
AZ. BA. BB. BG, BR. BY. BZ. CA. Cli CN, CO CR CV 
CZ, DH, DK, DM, DZ. EC, EE, GS, FI, GB. GD.GK, GH 
OM, MR, HU. ID. IL, IN, IS. JR KR, KG, KP, KR KZ. 1X2 
I.K, LR, LS. LI, LU, LV, MA. MD, MG, MK. MR MW* 
MX, MZ. N[. NO. NZ, OM, PII, PL, PT, RO, RU. SC. SD 
SE SO. SK, SL. TJ, TM, TN. TR, IT, TZ, UA. UG US* 
IK.VC.VN. YU.XA.2M.ZW. 

<H4) Designated Slates (regional)* ARIPO patent (GH GM 
Kn. LS. MW. MZ, SD, SL, SZ, TZ. UG. ZM, ZW)' 
Eurasian patent (AM, AZ, BY, KG, K2. MD, RU, TJ. TM) 
Kuropcan patent (AT, BE, BG. CH. CY, CZ, DE, DK E£ 
ES, M. FR, GB, GR. Hi J, IE, IT, LU. MC, NL. PTRO 
SE, SI, SK, TR). OAPI patent (BF, BJ. CF, CG, CI, CM 
OA, GN, GQ, GW, ML. MR, NB. SN, TD, TG). 

Published: 

with international starch report 
— hefore the expiration of the time, limit for amende*, the 
claims and to be republished in the eve,* of rec eipt of 
amendments 

(88) Dale of publication of the International search report: 

22 January 2004 
/ Continued OH next Jkigrj 



(54) Title: SOLID OXIDE REGENERATIVE FURL CELL FOR 



AIRPLANE POWER GENERATION AND STORAGE 



3 



9\ 




^ T££%£Zi S3ir^^ < SS£? ' 240> or a s ? lid ° x, i dc Fuel Cc " <SOFC) (750 > * """n*— «~ 

£ or any orher , u 7lahl c fuel t» I Z ^X 5lS ZZ'E uledTtl, "Tl '""^ ^ SORHC ' 240) - ,he < 75t »< 
O WRPC (240, is „o, only capab.c of eLZfene-y f™ ^'^ Wi * in ,hC air P lane " Thc 

>• electrolysis of oxidized fuel Thus ihc SORFc V^ c J , . U1,able *'* ld,7jir . b| " can "■»> generate fuel ihroueh 

^ and avoid u* comp S, y , i^v^ "'»*' — ,hc L 



01/14/2008 HON 18:52 [TX/RX NO 74.84] || 058 



01/14/2008 19:01 FAX ©059/066 



WO 2003/094320 A3 inilllilfllMIMIIlllliaDnililllllllUlj 

for two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes <m Codes and Abbreviations" appearing at tfxe begin- 
ning of each regular issue of the FCT Gazrtte* 



01/14/2008 MON 18:52 [TX/RX NO 7484] 0059 



01/14/2008 19:01 FAX 



©060/086 



INTERNATIONAL SEARCH REPORT 



International application No. 



A.* CLASSIFICATION OP SUBJECT MATTER 

!PO(7) :Be*D S3/Oo 

US CL : H++/6aR,68,i7« / i7s 
According to International Patent Qassificicion (IPC) or to both national cl Plication and IPC 



B. FIELDS SEARCHED 
Minimum documentation searched (clarification i/stem followed by clarification symbols) 
U.S. : *++/6aT{,6B.62,US t 173 ; 4.SB/o\19,13,l9,20,*$,*6,3e 



S 1 ^ 11 8WChtd 0tK " lhan mUimUm » d ™ » »» »« such documents are included in che field. 



Electronic data base consulted during che international 
NONE 



search (name of decs base and. where practicable, search term. 



ed) 



C DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 

A 



A,E 

X,E 
Y,E 



Cit.tio. of dacum.nt, with indication, wh«re appropriate, oft h* relevant pawag*. 

StcViGURE 2 (LANGFORD * DI) 21 19 » (21/04/1992) 

US 5,810,284 A (HIBBS ET AL) 22 SEPTEMBER 1Q0« 
(22/09/1998) SEE FIGURE 11 otrTEMBER 1998 

US 6,550,717 B2 (MACCREADY ET AL) 22 APRTT ?nrtt 
(22/04/2003) SEE FIGURE 6 ' 2003 

FIGURES 633 B2 (DUNN> 27 MAY 2003 < 27/05/20 °3) SEE 



B ^rthe, document, are li.ud in the coition of Box C. Q S,« p . t<nt f4miIy 



Relevant to claim No. 

NONE 



1-5,7-14,16-24,26- 
31,33-36 



NONE 



1-2,7-8,10-14,16- 
19,26-30,33,34,36 



1-36 



Spool*] aMogoTia. of di** daemkDonta: 



Ife ^pUnui^ koToiSl to «^t»Ll 



pnbUahod oa or uw Lh» tfiUm.iicjuJ filing d*lo 
Ll ralwiiu* totaool disclosure, «m, ■xhibjttotj or olfer 



uu> Priii oipl, 0 r thoojy oaJftriyiaj the farr^tfea 



| Dace of the actual completion of the international fltarch 
08 NOVEMBER SOO* 



Name and mailing address of the ISA/US 
^numsaioner ofPalanu and Trademark* 

Box per 

Washington, D.C 20231 
| Faounile No. (703) 3O$-3230 

Form PCTT/F.SA/fiio fesfinn,! .k**r) ioou\* 

^OOID. <WO _ . 03094320A3 I > 



of popular MmaM; lb. oliW ta^sittca o Uno | k . 

goigist Of p^ttwiar th. oloizno* In^aUoo oia*ot b, 

▼tfj Ob. or bum oihor «vb docftmooW, «ah ^^.m-TT™: 

doomnanl memoir of U» ouim potent ttua% 



Dace of mailing of the international search report 



^1 DFO. 




PI/ 14/2008 HON 18:52 JTX/RX NO 74843 i 0 §° 



01/14/2008 19:01 FAX 



©081/066 



INTERNATIONAL SEARCH REPORT 



International application No. 



6 (Continuation DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* Citation of document, wirh indication, where appropriate, of the relevant pa**age» I Relevant to claim No. 

| Y,B I US 2002/0114985 Al (8HKOLNIK ET AX) 22 AUGUST 2002 I 6,15,25,82,35 

(22X)8/S002) SEE FIGURE 9 



Form FCT/lSA/aiO (continuation of second sheet) (July ieoe)a 



01/14/2008 M0N 18:52 [TX/RX NO 7484] @ 061 



01/14/2008 19:01 FAX 



@ 062/066 



XP 000299764 



pour lo tltro 0" v,vre 
voir bo seconde pago 



REGENERATIVE FUEL CELL FOR ENERGY STORAGE IN PV SYSTEMS 



K. LedjcS, A. HetrurJ 
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D-7800 Freiburg, Germany 



ABSTRACT 

Regenerative fuel ceJU (RFC*) are of great interest for storing 
energy in various, space applications In e«±"J the systems are 
based on the electrolysis of water, the storage of hydrogen and 
oxygen, and the following recombination to water in a fuel Cell. 
Three base cell Concept* have to be distinguished - dedicated, 
i ntegrated, reversible. There are important differences between 
these concept* and additionally the performance of the RFC* is 
i n fl urn red by the type of dectrochemicaJ cell - alkaline, membrane. 
$olar systems in stand-alone applications suffer from the lack of 
nvaflabtCry of reasonable seasonal energy storage* RFCs are a very 
promising option tor terrestrial photovoltaic installations and ihe 
feasibility w*U be demonstrated in the energetically Sclf-suDieiextt 
solar house, which will be buik in the near future. 

INTRODUCTION 

The work on reaencmrvc hydrogen-oxygen fuel has been 

directed towards their use in space appncalions during the past 30 
years / 1-3/. The regenerate fuel cell (RFC) constitute* a storage 
system for electrical energy, and can be operated in the same modes 
a$ secondary batteries. During the discharge mode the fuel cell 
converts the Stared gases - hydrogen and oxygen - in an 
e lerrrochcinkal reaction to electricity and water. The system is 
recharged by feeding electricity to an electrolysis unit, which 
dissociates the product water and forms hydrogen aqd oxygen* The 
gases arc stored in cylinders under pressure. 

There are various RFC* under development differing in the degree 
of integration of the components and in the technologies of the 
selected electrochemical devices . 

To meet the future power demands tor mid- to high-orbit satellites 
or space stations, research is going cm in che areas of solar power 
generarion, energy storage and power management /4/. Mam 
emphasis is directed toward achieving the lowest weight of the 
overall power system, which depends strongly on the characteristics 
of the energy storage system. Considering these aspects RFC* are 
one of the most promising candidates. 



NocwUnstanding the space applications, RFCs offer attractive 
advantages that can be very useful for terrestrial photovoltaic 
systems. However the requirements doTer very much, because 
instead of weight cost b the most important criterion. 
As a result of oar work on energy storage for decentralized 
photovoltaic systems fSj it turned oat that there is bO reasonable 
device available for long term energy storage . FV stand-alone 
systems with power demands in (he range of kW have to be installed 
in combination with «wd power or dicscl generators. The lack of 
seasonal energy stotage is overcome by these measures, 
nevertheless the complexity of the systems increases, resulting in 
reduced reliability and higher cost. 

Within the framework of our actual work on the energetically self- 
sumdent solar boase /€/ the development of a novel energy storage 
system was initiated with the aim to demonstrate the suitability of 
RFCs in conventional solar appbeattons. 

REGENEKATTVE FUEL CELL TECHNO LOO IHS 

RFCs consist in general of dedrolysar, gas cylinders, liquid storage 
tanks, and fuel ceO. The most common systems are based on the 
reversible reaction: 



Systems using hydrogen - chlorine /7/ or hydrogen - bromine /%/ 
arc favourable with respect to the dectrocfaemical reaction kinetics, 
but cause severe safety problems. The comparison and assessment 
of the three hydrogen - halogen concepts give preference to the 
hydrogen - oxygen RFC and thus the main research efforts arc 
focused on that system. 

Looking in detail at che hydrogen-oxygen RFC the ffcafti&ry and 
variability of the system is evident. Many variations coiuxnung the 
electroyser, the fuel cell and all the other system components are 
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In the past three ajragemenls nf the electrochemical devices were 
under consideration, termed dedicated, integrated and reversible 
design. 




O o 2 o 2 O 



Fig. l; RFC system design 

Id fig. 1 the schemes of the three concepts are UJuii rated. 
Tne dedicated design b based on separate fuej ceD and electrolyser. 
Each unit s able lo operate mdependenrry and is provided with aU 
the necessary auxiliary equipment. 

The integrated design achieves * higher degree of Compactness by 
combining angle feel cells and electrolysis cells in one common 
casing. This configuration requires careful design of the associated 
equipment to guarantee the proper function during ihc two modes 
' of operation. 

The most advanced concept with respect lo the electrochemical 
performance constitute* the reversible design. Each individual 
clc^ocfacnikal eell is able to work as well in the electrolysis as in 
Ihc fuel ceB mode. He Capability of the eclb to operate in both 
modes amplifies the configuration or the overall tys**, , 0 , great 
esteec These principal advantages make it possible to develop very 
reliable and cost effective RFCs in future. 

The type of electrochemical cells selected for electrolysis or fuel cell 
operauon determines the system configuration and the detail 
engineering. Up to no* most of the research was concentrated on 
alkaline eleetrolysers and foci cells. I„ , ha i960, worlc ^ 
commenced on reversible /!/ and dedicated /»/ systems. Tie low 
performance of reversible cells due to the difficulties in the osygeo 
electrode led to intensified research on the integrated design. New 
technique, were dm^loped, such as the "vai^ electrode- /2/, which 
combines two separate elaarodes for gas evolution and reduction 
«P«*i*ely « one single structure, or the concept of alternately 
suekmg nlee*™^ cells and foel cells inside a pressure vessel to 
form an integrated system /«>/. 

I* pamlkl t0 the carry work od alkaline cells on cells with 

«*d pounce electrolytes (STFC) was Parted /W , but the celts 
^because of the in***!* 0 f the membranes. Today, due to 
lie -vaflabiKty of chemically stable ion exchange membranes, there 
« renewed ■merest m the SPFC technology, especially for the 
™ space /i2, 13/. The efforts are mainly focused on Ibe 
dedicated design, because of the problems associated with the 
<Wu riCdrode. Recently » EOVC , to [he ^ 

performance of the oxygen electrode was developed /14, 15/. 



Fig. 2: Reversible SPFC 



In Kg. 2 two drafts of principal arrangements of Urn reversible 
SPFC are shown. The first illustrates the conventional hydrogen- 
osygen ecu with reversible hydrogen efoarode, and revemiblu 
oxygen electrode*. In the second sketch the arrangement is nearly 
the same, but simultaneous lo the change of the operational mode 
from electrolysis ,o fue i ceD ,he gases in the electrode 

™?°<^?Z L ™™* - ™~ .neasmes ensure very F^ablc 
clearochem,cal performance of the electrodes, for the one operate* 
as ox.dat«,n electrode and the other a, reduetion electrode under all 
OpcrtU.oaa, eond ltiont ^ tcicc>Ion rf appropria[c , 

faahla^d and besides platinum for the reduction electrode the very 
active indium is the proper choice for the oodatfoo electrode. The 
^ advantages of rhe concept are higher efficiencies, more 

7 iCleC,k> ° ° f and improved durabili,y 

of the catalyse The need for additional equipment ,„ kecp .he gas 
swtchmg under control may be regarded as drawback. 

RFC FOR THE ENERGETICALLY SELF-SUFFICIENT 
SOLAR HOUSE 

In our inshnte, we are presently very active in developing and 
perform^ ^ derail engineering of an energetically self-sufficient 
solar house /6/. Tie project is ambitions, because we intend to 
demonstrate that it is possible to meet all the energy demands of Uie 
romance enluxly by solar energy. The house that win be 
constructed this year will be equipped with various solar thermal 
systems and photovoltaic*, but will not be connected to the ntifily 
network or consume any type of fossil fuels. Solar thermal systems 
wffl deliver the hea, required for space being and warm water 
The photovoltaic genera^ will produce eleoridly for the electric 
deuces ,nd for eookmg. The discontinuou* supply of solar cu«£ 
makes n notary to install an adequate energy storage sy*«nfo 
buffer the daily, weekly, or yearly fluctuations. In thelLZL of 
our work various concepts for seasonal storage were compared Jl6/ 
and as . result of ibe system emulations a modified RFC system 
was .elected. The hybrid energy S10rag , ^ efn g (Q ^ 

ipoaai requirements called for. such as low power, high capacity 
and long term storage. 
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Fig. 3 

Ffe, 3 shows the flowchart of the seasonal storage system. The now 
of ctectririty from the solar generator is supervised by the Control 
system, which switches the current with first priority to the actual 
consumer, secondly to the battery, and thirdly to the hydiogen- 
exygfin RFC Following this sequence of priorities the highest 
conversion efficiencies are attained. The RFC is composed of 
electroiyser, pressure cylinders (30 bar) for hydrogen and oxygen, 
foci cell, and additional gas consumer*, e.g. catalytic cooker or 
ruraace /17/. 

On the basis of very detailed simulations of the performance of the 
entire house the site and specific data of the seasonal storage 
system have bean finally defined. 
Energy demand: 

-electric L600kWh/a 

- high temperature heal L250kWb/a 
Hybrid storage; 

- lead-acid battery 20 kWb 

- electroiyser Qjp j^y 
-fuel cell 0.6 kw 

- catalytic cooker 2-0 kW 

-gas storage «50 kWh 15 m 3 ,^ 7.5 m 3 ) 

SELECTION OF THE RFC COMPONENTS 

The development of the defeated RFC was started with the 
intention to select and buy the single exponents from coinmerdal 
nippBcw. We have been successful in purchasing lead-add 
batteries, alkaline elcctxcdyser. aBcaline feel cell, end gas cylinders. 



During testing procedures technical problems appeared concerning 
the operation of electroiyser and fuel ecu, which are due U 
electrolyte crecpagc. gas management, and high cnerg) 
consumption of the associated equipment. Our experience showct 
that it is extremely difficult to handle the aggressive KOH io socf 
small devices *nd to overcome the safety risks caused by the hoi 
electrolyte (SO "C) under pressures of up to 30 bar. Therefore, the 
applicability uf electroiyser and fad ceil with solid polynia 
membrane electrolyte has been urvesiigated, and the study showec 
such attractive advantages that the decision was made to strive foi 
the use of membrane systems. Failing in the aliempt to purchasr 
electrochemical membrane cells, research was Initiated three yean 
ago. At present tests arc carried out on a membrane type pressure 
electroiyser designed and fabricated in our institute. The bask 
design of the electroiyser system Is very similar to that of the 
alkaline type, but beside the use of bipolar membrane cells Cht 
design was optimized to reduce the power consumption of the 
auxiliary equipment. The decrement Cram 60 W to 15 W wai 
achieved by exchanging the electrically actuated valves b> 
pneumatically operated devices. 

Both pressure electroliers, alkaline and membrane elecUoryte, are 
undergoing endurance tests and at the end of thil year one of them 
will be selected for installation into the house. 
In the beginning, our work on fuel cells was concentrated Qa 
development of system technology integrating one commercialry 
available alkaline cell siack. Main activities were related co the 
automauc control system, the gas supply, and the electrolyte 
management. Unfortunately it was not possible to achieve satisfying 
operation of the fuel cell, because of electrolyte creepage and 
flooding of the electrodes. Thus, that work was stopped. 
Aliernatrvery we looked for commercial r^otypes and we will be 
supplied with two sysiems shortly. After testing, one of them will be 
selected to become pan of the RFC 

cooker was developed in our institute witfiin 
the framework of the research on catalytic combustion /17/. The 
cooker provides power output of 2 kW and there are technologies 
available to combust hydrogen with oxygen or with air. The catalytic 
hydrogen oxygen burner constitutes an overall dosed system with 
water rejection, while the hydrogen air burner Operates in ambient 
air without any controlled condensation. Therefore the efficiency is 
leered, but the air burner achieves much higher specific power 
densities resulting in reduced volume reooJramenls. ^ 

RFC SYSTEM VARIATIONS FOR TERRESTRIAL SOLAR 
INSTALLATIONS 

The RFC arrangement generally considered for space spphcations 
consists of a completely dosed system exchanging no mass with the 
amKance, but energy only. The dectrolyser and each of the gas 
corisiimcrs are connected to the rrydrogen, to the oxygen, and to the 
water tank. Fig. 4 a. 
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« c i we out. M ^ m f-4 




?* " atlraetive the SyalC n, is totally scaled. bu( on 

loe other hand disadvantages have to be viewed, such as reduced 
«=cnar density due ic electrolyte dilution i n alkaline system* or 
difficulties to the gas and heat management. 

O" eaitb the aspect of sealed operation is not as important as in 
j^and therefore, the design of the RFC „.y fee simpUDed by 
txvmg out the we^, Md refecding lothcRFCtlie £ 

being lost during disctarge, Hg.4b. 

The most smtpfc RFC configuration abandons the water tank a* 

ZLT-^JZ 8 ^ 9yUnder * Fi&4c - In ,he *««<W. -ode the 
«W£ blows .off to the ambient air and daring discharge the fuel 

Citalylic musing air as oxkiiser. The number of 

r 1 ™. ** ' * ** ^cept, but as a consequence the 

. . 15 kw * r « 1 wt *n nmntng on bydrogen-ah- instead of 

eCZTT"" AddUifl «^. «her systeu, aspeas 

^^ihefaelceUcbangeforthewrse. 

fromT^T"? *° f0UW b U1U5tratCd » ^d, which differ, 
tbo others m so far that only a certain part of the oxygen is 

By that measure the volume of the orygeu 



CONCLUSIONS 

RFC. are promising device* for energy storage. There is a broad 
vancry of technologies and RFC* constitute the link from SC ^Z 
batteries to hydrogen energy syacms, 

Actually it is problematic ,o realise terrestrial ^ a|o „ c 

RFC wffl become a very attractive tooUor system engineers. The 
Rl^ have the potential to compete with other storage batteries 
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